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ABSTRACT
The chosen area of this case study is the northern part of the Ebro Delta in northeast Spain. It
used to be an unhealthy swamp until sixty to eighty years ago. Within a relatively short period,
this area has been transformed into a productive rice-growing area where interests of nature are to
be respected. Still, the potential of the area has not yet been reached and the major objective of
this study was to create a soil geographical database (SGD), so as to derive ways and means to
further improve the management of natural resources. Two approaches were used to define the
required terrain features: (i) The “object-oriented” approach where datasets with discrete units were
created and the limits were drawn based on the refinement’s of the surveyor model. (ii) The “field”
approach where continuous datasets were created by interpolation from point data and its
attributes. The main advantage of the SGD was its flexibility in terms of data management. Each
information layer was stored independently with the georeferenced data and its attributes allowing
quick and easy manipulation. Finally, an assessment of the integrated use of the SGD, GIStechnology linked with an agro-ecological model, is shown for characterizing and delineating the
rice growth capability within the area in the context of land-use planning and management of rural
land.
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INTRODUCTION
Soil properties play an important role in land use planning activities such as agriculture, erosion
control, environmental protection and nature conservation (Van Lanen, 1991; Bregt, 1992). The soil
surveyor describes the spatial distribution of soils based on field observations, sample
measurements and geomorphology. The resulting survey data was traditionally presented in the
form of a soil map and report. Yet, as it has traditionally been treated, soil data is sometimes
insufficient to meet the needs for environmental objectives or to incorporate it into agro-ecological
models (Magaldi, 1995; Bouma, 1989). At present the creation of Soil Geographical Databases
(SGDs) or Soil Geo-Information Systems is widely supported (King et al., 1994; Burrough et al.,
1994). There are, though, still difficulties and uncertainties in the process of creating SGDs and
their applications for land-use analysis (Dalal-Clayton and Dent, 1993). Much research is going on
at present into the development and harmonization of soil information (Bullock and Jones, 1996;
Tietje and Tapkenhinrichs, 1993). This paper presents a case study on the development and
application of a SGD in a deltaic area. It presents the SGD as a tool that enables one to store,
manipulate and present environmental data in a flexible way. A map showing the spatial variation
of rice growth capability within the area is derived from the primary soil data by linking the data
with an existing agro-ecological model. Through printing thematic maps and delivering parameters

for models, it is a powerful tool to support the decision-making process, especially in fragile
environments such as a wetland.
Study area
The Ebro Delta (Fig. 1) is an important aquatic environment in the western Mediterranean. It
occupies an area of 32000 ha, from which approx. 24500 ha is cultivated, divided in a northern side
(left bank) and a southern side (right bank) of the river. At present, the Delta is occupied

Figure 1. General map of the Ebro Delta (source: Generalitat de Catalunya).

by 46000 inhabitants and is of considerable importance in agricultural terms as it yields 12% of
the total production in Catalonia. Additionally, it plays a key role as a nature reserve with over 500
recorded flora species, an extensive range of entomological fauna and its internationally important
300 bird species (60% of all the European species). At the request of the inhabitants, the “Ebro
Delta Natural Park” was established in 1986 to preserve and improve the natural inheritance.
Casanova et al., (1999) showed that rice growth and yield was highly related to topsoil cation
exchange capacity (CEC) and soil salinity (EC). These soil variables, and others, were measured
at certain locations along the area. A SGD was constructed with all the measurements and their
co-ordinates. Hence, a map of each independent soil variable can be drawn. Still, in order to
improve the management of natural resources and support decision systems in the Ebro Delta, it
is important to identify and quantify the areas with higher or lower rice growth capability.
MATERIALS AND METHODS
Data collection
Desk studies and map compilation. The selected study area, northern side of the Ebro Delta
(Spain), has in total 11922 ha, of which 10224 ha (85%) are cultivated land. Rice cropping
occupies the vast majority, 9537 ha, while the rest of cultivated land, 687 ha, were mainly
vegetables such as cabbage and lettuce. The 15% of the area of uncultivated land corresponds to
beaches, lagoons and human settlements.
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The field maps chosen were orthophotomaps at 1:25000 scale (ICC, 1992; sheets C522-II,III,IV
and C523-III). Data on the geology was provided by the geological maps 1:50000 (IGME, 1979;
sheets number 522 and 523). Elevation data was provided by the “Irrigation Community of the Ebro
Delta” with 4000 measured locations in 1966 and presented in maps at scale 1:10000.
Field methods. The soil survey was conducted in three steps:
(i)

In the various physiographic units derived from the geological map, 80 soil pits were dug
during the winter of 1994. Full profile descriptions were completed based on the
SINEDARES methodology (CBDSA, 1983). In addition to the morphological description of
the soil horizons (described below), chemical analyses of the sampled horizons were
performed.

(ii)

A grid survey (500×500 m) was performed during the winters of 1995 and 1996 using the
orthophotomaps. Augerings at grid intersection (a total of 410 auger-holes) were
completed each to a depth of at least 150 cm. A morphological description of the different
horizons and layers was undertaken including: Colour, texture, mottling,
oxidation/reduction conditions, and a classification of the soil at phases of family level
(SSS, 1996). A system to quantify soil drainage status was developed that ranged from 0
to 9, the increase corresponding with a poorer soil drainage conditions (Casanova et al.,
1999).

(iii)

Additional closely-spaced augering were incorporated into the sampling scheme for
observation and measurement (10% of the total data set, approximately 50 observations)
to allow for geostatistical treatment of the data.

As part of this study, special emphasis was given to assessing soil salinity; the high salinity of
some of the soils in the study area was expected to have a major influence on land-use. To survey
soil salinity, a combination of the following two methods was used:
(i)

collection of soil samples in the field and measurement of the conductivity of the soil
extract, EC1:5 (of the soil extract in a weight ratio of 1:5) and ECe (of the extract of the
saturated paste), in the laboratory;

(ii)

electromagnetic induction (EM) sensors. The EM-sensor has become the first choice for
salinity surveys in different parts of the world (Lesch et al., 1992; Cook and Walker, 1992;
Ceuppens et al., 1997).

The EM sensor measurements were followed by laboratory analysis. At each auger hole, an
electromagnetic measurement was taken. Samples were taken for further analysis of EC1:5 in the
laboratory (Richards, 1954), at depths of 0-30 cm, 30-60 cm, 60-90 cm and 90-120 cm, for one in
every five measurements.
Laboratory methods. Analyses were performed in the “Laboratori Agroalimentari; DARP,
Cabrils (Barcelona)”. The methods performed in the analyses of soil samples were those
recommended by the Spanish Ministry of Agriculture, Fisheries and Food (MAPA, 1986):
-Granulometry. It was determined by using the corresponding sieves and pipette; clay, silt, fine
sand (0.05<D<0.5 mm) and coarse sand (0.5<D<2 mm).
-pH. It was determined potentiometrically by a pH-meter from the soil water extract 1:2.5 and from
the saturated paste.
-Electrical conductivity. Measured from the extract of the saturated paste (ECe) and from the
extract of a soil dilution with water in a weight ratio of 1:5 (EC1:5), Richards (1954).
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-Calcium carbonate equivalent. Determined by the Bernard calcimeter.
-Organic matter content. Using the Walkey - Black method.
-Cation exchange capacity and exchangeable potassium. Extraction with ammonium acetate 1N
at pH=7.
-Available phosphorous. Using the Olsen - Watanabe method.
-Total N using the Kjeldahl method.
-Cations of the saturated extract; Sodium and potassium by photometry, calcium and magnesium
by absorption.
-Anions of the
chromatography.

saturated

extract.

Chlorides,

sulphates

bicarbonates

and

nitrates

by

Data storage
The collected data was stored in a digital form in order to record the major components that is:
geographic position, attributes or properties, and time. In addition to the primary or basic collected
soil data, data analysis (as explained in the next section) was carried out to generate newly
processed soil information. This derived dataset was also incorporated in the database model. The
present database model, once digitized and stored, comprises five main structural components as
shown in Table 1. The information layers are independent one of another, but they can be
combined by the geometry. The first three are the basic data and the last two are the processed
data.

Table 1. Scheme of the soil geographic database for the Ebro Delta left bank.
Basic module
Information layer
Data incorporated
Type of attributes
- Geological map of Coverage of
IGME (1979) digitized
- Sedimentary
Spain.
polygons.
maps 522 and 523.
environments.
- Field survey
Coverage of points.
File with field point data
- Morphological
observations.
gathered from auger
features.
holes and soil pit:
- Physical
position, attributes and
measurements.
time.
- Chemical
measurements.
- Soil classification.
- Digital elevation
Coverage of points.
File with position and
- X,Y,Z coordinates.
model.
elevation (4000 points).
- Discrete datasets. Coverage of
Classification based on - Soil mapping units
polygons.
classical methods.
(SSS, 1996).
- Continuous
Grid of cells
Interpolation of digital
- Elevation and
datasets.
data.
various soil
properties.

Data management
Data analysis was carried out in order to develop a comprehensive database model. In addition to
the point data with all the soil attributes collected, which is just a coverage of points, two main
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approaches (Molenaar and Richardson, 1994) were considered for generating information that was
considered convenient to include in the database model:
(i)

(ii)

The “object-oriented” approach, which gave datasets with discrete units that have specific
geometry and thematic properties. The datasets were produced, such as of the soil
mapping unit, by combining the point data with a given attribute over the orthophotomaps.
Limits were drawn based on the refinements of the surveyor model.
The “field” approach, which gave continuous datasets so that the terrain is described as a
continuum for specific thematic properties. In this case, nominal data may not be treated
directly. Hence, nominal soil attributes such as textural class (USDA) were transformed
using the middle values of sand, silt and clay for every class as shown in Table 2. All soil
attributes were treated independently from one another. The chosen program for such
purpose was the TOPOGRID component of Arc-Info (GRID module) with an arbitrary cell
size of 25×25 m. This command is an interpolation method based on Hutchinson (1989),
which takes into account direction. Datasets for various soil properties were created such
as clay percentage for the various horizons, drainage class, depth to the hardpan or other
characteristics such as elevation or response to the electromagnetic measurement.

Table 2. Surface (Ap) textural (USDA) classes of the soils on the study area with its identifiers
assigned in the discrete datasets and clay, silt and sand percentage values assigned in the
continuous datasets.
Identifier
[Clay]
Sandy
Loamy sand
Sandy loam
Fine sandy loam
Loam
Silty loam
Sandy clay loam
Clay loam
Silty clay loam
Silty clay

0
1
2
3
4
5
6
7
8
9

[Silt]
5
5
10
10
18
14
28
34
34
46

[Sand]
5
15
25
30
40
65
14
34
56
46

90
80
65
60
42
21
58
32
10
8

The main result of this study is the created soil geographical database (SGD). The data stored in
the SGD was managed within the geographic information system, ARC-INFO 7.0. Various types
of datasets, continuous or discrete, may be generated to visualise the spatial distribution of a
certain soil parameter (Figs. 2).
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(a)

(b)
Figure. 2. Continuous dataset showing the spatial variation within the area for (a) topsoil CEC and
(b) soil salinity.
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AN APPLICATION OF THE “SGD”: OBTAINING A DATASET FOR RICE GROWTH
CAPABILITY.
Casanova et al. (1999) showed that in the Ebro Delta the most significant soil properties for rice
growth were: (i) topsoil CEC and (ii) soil salinity, which was negatively related with yield. Rice
yield was predicted from soil characteristics using regression techniques and an operational
methodology of the Law of the Minimum of the limiting factors, first proposed by von Liebig (1855).
This latter method was proved statistically significant and had better results than the classical
regression. It is based on drawing maximum lines or imaginary "yield plateaus" as if each variable
was limiting yield. Finally out of all the imaginary yield plateaus, the minimum attained value is
considered. Hence, the equation is:
YIELDre = Min (1, YIELDmax1, YIELDmax2, …)

(Eq. 1)

where:
YIELDre is the estimated value for the relative actual yield to yield potential, i.e. ratio of
actual yield to potential yield. It has a theoretical minimum at 0 for severe soil
effects on rice growth and a maximum at 1 if no soil variable is limiting and actual
yield is potential yield. This variable was chosen in this study to describe the rice
growth capability within the area.
Based on Casanova et al. (1999), two soil factors and their quantified effects on rice yield are
considered;
YIELDmax1 is the relative attainable yield taking into account only the topsoil CEC limitation.
At CEC values of 2 meq/100g the yield value was 55% of the potential and at
CEC values of 13 meq/100g the yield value was potential.
(YIELDmax1 = 0.468 + 0.041×CEC)

(Eq. 2)

YIELDmax2 is the relative attainable yield taking into account only soil salinity as a limiting
factor. At EC(1:5)av values of 0 dS/m the yield value was potential and at EC(1:5)av
values of 2 dS/m the yield value was 50% of the potential.
(YIELDmax2 = 1 - 0.25×EC(1:5)av)

(Eq. 3)

The above model (Eq. 1, 2 and 3) was incorporated and linked to estimate topsoil CEC and soil
salinity at all 510 sites with the following procedure:
Topsoil CEC was measured only where full profile descriptions were carried out (80 sites).
Therefore, CEC is derived from clay percentage that was estimated at all sites. The
measured values of CEC are plotted against clay percentage in Fig. 3. A strong linear
relationship holds explaining 93% of the variance.
-1

CEC (meq 100 g )

(i)

20
y = 0.28x + 2.22
R 2 = 0.93

15
10
5
0
0

10

20

30

40

50

Clay (%)
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Figure 3. Relationship between the cation exchange capacity (CEC) and the calculated clay
percentage of the topsoil.
Soil salinity is derived from the measurements of the electromagnetic sensor (EM).
Electrical conductivity was also measured at 80 sites, while EM was measured at all
sites. Where electrical conductivity was measured, four values of EC1:5 at different depth
were obtained and the average was chosen EC(1:5)av for all subsequent modelling. Figure 4
shows the values of (EC1:5)av plotted against the relative response of the EM sensor in the
horizontal position (EMH). The statistical analysis showed that the electrical conductivity
was proportional to EMH. Including an intercept, as well as the relative response of the
EM sensor in the vertical position, did not significantly improve the accuracy of the
estimate. The regression equation, as shown in Fig. 4, was used in this study for
predicting soil salinity. Differences in field moisture content cause part of the unexplained
variance in the correlation.

EC(1:5)av

(ii)

5
4
3
2
1
0

y = 0.554x
r 2 = 0.83

0

1

2

3

4

5

6

7

EMH (dS m -1)
Figure 4. Relationship between electrical conductivity of the extract 1:5 averaged from 0 to 120
cm (EC1:5)av and electromagnetic induction readings taken with the coil horizontal to the soil
surface (EMH).
(iii)

Rice growth capability at each of the 510 sites was derived based on Eq. 1. Furthermore,
interpolation procedures (Hutchinson, 1989) were used to derive a continuous map of this
parameter.

Figure 5 shows an application of this SGD by presenting the capability spatial distribution for rice
growing within the study area. It shows that the areas next to the river and to the continental shelf,
which are low in salinity and high in elevation, have a high capability for rice growing. A gradual
decrease in elevation exists from the riverbanks to the seashore and within the riverbanks as they
come closer the river mouth. Therefore, rice growth capability also decreases. Low clay
percentages predominate in the coastal belt and partly on the levees of the present and old
riverbanks. High clay percentages predominate in the depression zones such as floodplain,
backswamp and old river courses. The combination of these variables determines the capability of
a certain site for rice growing.
DISCUSSION ON POTENTIAL USE OF THE “SGD” AND CONCLUSIONS
In the data collection process, this alternative approach that combined geomorphological
information with grid survey measurements was considered very useful. In addition, the
incorporation of short-distance measurements gave specific information necessary for geostatistical treatment. To store, analyze and present the terrain data, the SGD proved to be an
outstanding tool. The main advantage over traditional maps was its flexibility. In contrast to a
static paper map, the SGD was dynamic in terms of data management. The georeferenced data
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could be easily accessed. It allowed an interaction so that the information needs could be reanalyzed, combined with other digital data and presented in other ways for specific users. Data
analysis was accomplished through two basic approaches:
(i)

An object-oriented approach mainly for combining various qualitative characteristics and
nominal data such as soil classification or texture classes. The sedimentary units and
their specific effects on soil types were easily delineated. The high variability of the
texture in the various horizons, as is commonly found in deltaic areas, could be easily
characterized. Each information layer in the SGD was kept independent, while in
conventional soil maps the mapping units are joined together. Furthermore, the method
allowed different limits for every information layer, so that it was easier to treat, interpret
and quantify the data.

(ii)

A field approach, that was found most appropriate when a property was quantifiable
(ordinal, interval or ratio type of attribute). It was also considered convenient when a
property did not change in an abrupt way, specially gradual changes were better
expressed in the continuous datasets. Different terrain units with abrupt changes within
the study area, however, were better expressed in the object-oriented approach with
discrete datasets. It was noted, in addition, that the elevation dataset with 4000
observations had better resolution than other datasets derived from the soil properties
where only 500 observations were available. Old river courses were well defined in an
elevation dataset but not so for a soil thematic one.

Figure 5. Continuous dataset showing the spatial variation within the northern part of the Ebro
Delta (Northeast Spain) for rice growth capability.
There were several ways to estimate spatial values for a needed parameter. As an example, it was
easily quantified that thirty percent of the study area had an averaged ECe (over the profile to 120
cm) greater than 4 dS m-1 and maximum values of 30 dS m-1 were recorded, which were
commonly located in the courses of old rivers and basins of old lagoons. As another example, an
existing agro-ecological model was integrated to predict rice yield from the attributes of the soil
mapping units and the spatial variation was shown. This method allowed the possibility of
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employing different interpolation procedures and various desired levels of resolution and complexity
depending on the resources available. The rice growth capability map showed consistent results
with Casanova et al. (1999), where actual rice yields were in the range of 70 to 90% from the
potential yield where topsoil clay percentage was above 20% and soil salinity below 2 dS m-1.
Actual rice yields decreased to 50-60% of potential yields when topsoil clay percentage
diminished to 10%, and actual yields were lowest, 20-40% of potential yield, where soil salinity
was above 12 dS m-1. Overall, this tool proved to be very powerful for land-use management,
especially in a fragile environment such as a delta. It was confirmed as an unbiased quantification
of natural resources, rather than a human-induced one, in the context of land quality assessment,
and the planning and management of rural land.
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